ABSTRACT: This study was designed to investigate the effects of exogenous androgen and resistance exercise on skeletal muscle hypertrophy and the role of the mammalian target of rapamycin (mTOR) signalling during the process. A total of 24 male Sprague-Dawley rats were randomly assigned to sham operation and dihydrotestosterone (DHT) implantation groups with subgroups subjected to sedentary conditions or resistance exercise (SHAM+SED, SHAM+EX, DHT+SED, and DHT+EX). The experimental procedure lasted for 10 days. The mRNA expression of androgen receptor (AR) and insulin-like growth factor I (IGF-I), the expression of myosin heavy chain (MHC), as well as the phosphorylation statuses of AR, mTOR, p70 ribosomal S6 kinase (p70 S6K ), and eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1) were determined in the white gastrocnemius muscle. The cross sectional area and wet mass of the muscle were also measured. The cross sectional area and MHC expression were significantly higher in SHAM+EX, DHT+SED, and DHT+EX than in SHAM+SED. There was no significant difference among groups in muscle mass. The mRNA expression of AR and IGF-I and the phosphorylation of mTOR, p70
INTRODUCTION
Muscle atrophy, caused by aging, lack of physical activity, and various diseases, is often treated with exercise and/or hormone replacement therapy. Exercise regimes can be manipulated to improve hormonal responses, thus enhancing skeletal muscle adaptations including physical strength and muscle mass gain. The use of testosterone as an anabolic hormone has been widely studied due to its ability to increase protein synthesis and promote muscle growth, especially in fast-twitch muscle. To increase the significant functional effect of muscle and avoid some side effects of androgen administration, it is advisable to combine exercise with usage of the hormone [1] [2] [3] [4] [5] [6] . The effect of testosterone on skeletal muscle is not only explained by activation and regulation of the androgen receptor (AR), but is also the combined result of genomic and non-genomic actions [7] . Dihydrotestosterone (DHT) is considered the terminal active product of androgen biosynthesis [8] , and has a greater affinAndrogen interacts with exercise through the mTOR pathway to induce skeletal muscle hypertrophy A260/A280 ratios above 1.8 indicating high-quality RNA. cDNA was synthesized from 1 μg of total RNA in the presence of Oligo(dT)15, dNTP mix, RNase inhibitor, and reverse transcriptase (Invitrogen Life Technologies, Massachusetts, USA) in a final volume of 20 μl, incubated at 37°C for 50 min and 70°C for 15 min. cDNA was then stored at -20°C until PCR reactions were performed. The primers were designed by Primer Premier 6 and assessed by Oligo 7. The nucleic acid sequences were matched to the PubMed gene database, as shown in Table 1 . The PCR mixture (20 μl) consisted of 10 μl of Platinum SYBR Green qPCR SuperMix-UDG, 1 μl of forward primer, 1 μl of reverse primers, 0.1 μl of ROX Reference Dye, 1 μg of cDNA, and DNase-free water. Reactions were incubated for 2 min at 50°C and 2 min at 95°C, followed by 40 cycles consisting of a 15 s denaturing step at 95°C and 1 min annealing step at 60°C. At the end of the PCR reaction, the samples were subjected to 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s to in order to draw the dissociation curve. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control to normalize any variations due to inefficiencies of the reverse transcription and PCR. All PCR runs were performed in duplicate. Samples were analysed using an Sequence Detection System (ABI 7500, Applied Biosystems, Massachusetts, USA). Data were analysed using the cycle threshold based on the time at which the fluorescence emission increased beyond a threshold level. Relative expression was determined using the 2-△△ CT method. 
Genes Sequences
AR F: 5′-GGCAGTCATTCAGTATTCC-3′ R: 5′-AGTAGAGCATCCTAGAGTTG-3′ IGF-I F: 5′-GGCATTGTGGATGAGTGT-3′ R: 5′-GATGGAACGAGCTGACTT-3′ GAPDH F: 5′-CCTGCCAAGTATGATGAC-3′ R: 5′-GGAGTTGCTGTTGAAGTC-3′
Western blotting analysis
Frozen gastrocnemius samples were homogenized in urea lysis buffer and centrifuged at 20,000 rpm to remove debris and the protein extractions were transferred to clean tubes. Muscle protein content was measured via bicinchoninic acid assay using bovine serum albumin (BSA) as the standard. Protein extracts were separated by SDS-PAGE gels and transferred to 0.2 μm nitrocellulose membranes (GE Healthcare Amersham Biosciences, Oslo, Norway). Membranes were blocked with 5% BSA in TBS-Tween. The membranes were probed with primary antibodies as follows: myosin heavy chain (MHC), 
MATERIALS AND METHODS

Animals
Experimental design
The rats were habituated to treadmill exercise for 4 days and then randomly assigned to sham operation and DHT implantation groups, and each group had 2 subgroups which were subjected to either [20] . All rats were weighed 12 h after the last bout of training and were anaesthetized via an intraperitoneal injection of 20% ethyl carbamate (5 ml/kg body weight). Blood was drained from the abdominal aorta, and the gastrocnemius muscles of the rats were then removed and immediately weighed. The white muscle of the gastrocnemius, which is rich in fast twitch fibres, was dissected out. Each sample was carefully separated into 2 parts; one part was stored at -80°C for mRNA and protein assays and the other was frozen in isopentane, cooled with liquid nitrogen, for histological analysis.
Histological analysis
Frozen sections were stained with haematoxylin and eosin (HE) for the evaluation of muscle fibre size. The images were obtained using an inverted microscope (OLYMPUS, Tokyo, Japan) connected to a computer and analysed by Image-Pro Plus 6.0.
RNA extraction, cDNA synthesis and real-time quantitative polymerase chain reaction (PCR)
Total RNA was isolated from 100 mg samples of white gastrocnemius muscle that were homogenized and purified using TRIzol Reagent 
FIG. 1. Histological appearance of gastrocnemius muscle sustained by HE after DHT and/or exercise (n=6). Groups are SHAM+SED (a), DHT+SED (b), SHAM+EX (c), and DHT+EX (d). (All panels×200).
cantly enhanced the effect of DHT on IGF-I mRNA expression (P < 0.05). (Fig. 2) 
Phosphorylation of AR after treatment with sham operation or DHT in sedentary or exercise condition
There was no significant difference in total AR between the groups.
The phosphorylated status of AR (Ser210) was ~27%, 43%, and 75% higher in SHAM+EX (P < 0.05), DHT+SED (P < 0.05) and DHT+EX (P < 0.01), respectively. (Fig. 3 ) AR phosphorylation was also significantly higher in DHT+EX vs. DHT+SED (P < 0.05).
Phosphorylation of mTOR pathway after treatment with sham operation or DHT in sedentary or exercise condition
The phosphorylation statuses of mTOR (Ser2448), p70 S6K (Thr389), and 4EBP1 (Thr37/46) were significantly increased (P < 0.01) after 10 days of DHT and/or exercise. The combination of DHT and exercise was the most effective at activating the mTOR signalling pathway and led to significantly higher mTOR pathway activation compared with DHT alone. (Fig. 4) 
Statistical analysis
Statistical analyses were performed with SPSS 13.0. All data are expressed as mean ± SD. The normal distribution was assessed with the Shapiro-Wilk test. A two-way ANOVA was used to determine significant differences. The statistical significance was set at P<0.05.
RESULTS
Muscle growth after treatment with sham operation or DHT in sedentary or exercise condition
Muscle wet mass (whole gastrocnemius) of SHAM+EX, DHT+SED, SHAM+SED demonstrated ~2.1%, 3.1%, and 6.7% increases, respectively, compared to SHAM+SED (Table 2) . Muscle cross sectional area was significantly increased in DHT+SED and DHT+EX (~28% and 27%, respectively; P < 0.05) ( Table 2 , Fig. 1 ). MHC expression was significantly increased in DHT+SED, SHAM+EX, and DHT+EX compared to SHAM+SED (~27%, 25%, and 44% respectively; P < 0.01). MHC expression in DHT+EX was ~44%, 15%, and 11% higher than in SHAM+SED (P < 0.01), DHT+SED (P < 0.05), and SHAM+EX (P < 0.05), respectively ( Table 2) .
AR and IGF-I mRNA expression after treatment with sham operation or DHT in sedentary or exercise condition
Muscle AR mRNA expression was significantly elevated in DHT+SED and SHAM+EX (~343% and 197%, respectively; P < 0.01). AR mRNA was a significant ~592% higher in DHT+EX vs. DHT+SED (P < 0.01). Likewise, IGF-I mRNA expression was significantly higher in DHT+SED (~248%), SHAM+EX (~163%), and DHT+EX (~359%) compared to SHAM+SED (P < 0.01). Exercise signifi-
FIG. 2.
AR and IGF-I mRNA expression normalized to GAPDH in the rat gastrocnemius muscle after DHT and/or exercise measured b y r e a l -t i m e P C R. Va l u e s a r e m e a n s ± S D ( n = 6 ) . 
DISCUSSION
The present study underlines that a combination of androgen and exercise promotes cross section area and protein synthesis in skeletal muscle. Exercise and/or exogenous DHT caused an increase in IGF-I and AR and activated the mTOR signalling pathway; the activity of the hypertrophic pathway induced by androgen would be enhanced by a resistance exercise protocol.
Effects of DHT and/or exercise on muscle mass and protein synthesis
Androgen mainly consists of testosterone and DHT in the human body and has been proven to be able to alleviate muscle atrophy. In addition to pharmacological therapies, regular resistance exercises with rest periods and adaptive loads are often performed to improve or maintain muscle strength and mass. To obtain a significant function effect with gain in muscle mass, it is clinically suggested that the combination of testosterone therapy and strength training results in desirable muscle function, which is usually reflected in muscle strength and physical performance [1] [2] [3] [4] .
Since different exercise stimuli induce changes in AR content that are specific to skeletal muscle fibre type [21] , white gastrocnemius was used in the current study to examine the influence of DHT and resistance exercise in skeletal muscle. In the current study, DHT implantation had an obvious hypertrophic effect by inducing significant increases in both fibre cross-sectional area and MHC content;
this result is consistent with previous studies [22, 23] . However, exercise only increased the total MHC content by ~27%; thus no significant histological changes were observed. Even though this resistance training model showed a desirable influence on muscle in our previous research [20] , the current results may be explained by the limited training period (10 days). In accordance with our hypothesis, rats in DHT+EX had significantly enhanced muscle cross sectional areas compared to rats in SHAM+SED. This effect was paralleled by a significant increase in MHC content in DHT+EX, even Similarly, AR mRNA expression and the phosphorylation of AR protein were significantly elevated in DHT+SED, SHAM+EX and DHT+EX and were significantly higher in DHT+EX compared with the other two groups. DHT treatment has been shown to strongly increase AR levels in vitro [43] . Previous results from other researchers, along with the data from this study, indicate that DHT binding of AR promotes some phosphorylation of AR, thereby stabilizing AR homodimers and/or influencing transactivation properties [44, 45] .
Combining exercise with androgens that enhance AR content will likely optimize muscle anabolism via promoting the interaction between androgens and AR. Bamman et al. also demonstrated that muscle IGF-I and AR mRNA concentration were significantly elevated in vastus lateralis muscle of healthy subjects after they engaged in acute concentric and eccentric loading exercises [46] .
These results suggest that resistance training and DHT treatment work together to enhance the activity of the muscle AR and IGF-I system.
IGF-I induces expression, phosphorylation, nuclear translocation
and the DNA binding activity of the AR in muscle [12, 47] , indicating the existence of a feedback loop between IGF-I and androgen.
The IGF-I receptor has been reported to control cellular AR localization and activity in prostate cancer cells [48] ; AR transcriptional activity was decreased as a result of IGF-1 receptor down regulation [49] . On the other hand, there is increasing functional evidence in skeletal muscle cells for extra-nuclear AR instead of AR localized exclusively in the nucleus during testosterone action [13] ; the PI3K/ Akt pathway could then mediate ligand-independent induction of AR nuclear localization [12] . Thus, there could be regulatory crosstalk between IGF-I and AR in skeletal muscle, and the non-genomic pathway, activated by both androgen and resistance exercise, may rely on this mechanism.
mTOR signalling pathway activation induced by DHT and/or exercise
The mTOR signalling pathway plays a central role in the control of protein synthesis [50, 51] . The downstream targets and effectors of the mTOR pathway are p70 S6K and 4EBP1. This pathway has been shown to be necessary for regulating skeletal muscle fibre size and inhibiting muscle atrophy induced by disuse [52] . Bodine et al. reported that an inhibitor of the PI3K/Akt/mTOR pathway could suppress 95% of muscle hypertrophy, supporting the idea that the activation of p70 S6K and 4EBP1 could inhibit the mechanisms responsible for producing muscle atrophy by preserving muscle fibre size [52] . It has been proven that resistance exercise can activate this pathway [53, 54] . For example, in resistance-trained men, a leg exercise at 70% concentric one repetition maximum demonstrated that the phosphorylation of p70 S6K was related to the myofibrillar protein synthesis response [54] .
when compared to DHT+SED. Muscle mass tended to be higher in DHT+SED, SHAM+EX, and DHT+EX compared to SHAM+SED, though not significantly. The limited increase in muscle mass could have resulted from the fat loss effect of androgen [24, 25] . A previous study reported that testosterone increased the composition of MHC IIa after orchidectomy in mice; strong succinate dehydrogenase reactivity was also observed, which can promote lipid metabolism [19] . Therefore, the discordance between muscle mass and MHC content could be explained by lipid and/or water loss. An increase in fatty-acid binding protein in the soleus was also found after a 2-week testosterone implant, suggesting that testosterone has a direct effect on promoting the metabolism of fatty acids, at least for slow-twitch muscle [26, 27] . In addition, resistance training was more effective in fast-twitch muscle, and so was androgen. Frese et al. [23] found that the responses of fibre types differs with the treatment of 19-norandrostenedione, desoxymethyltestosterone, and testosterone propionate (no difference between treated groups);
MHC IId/x was significantly up-regulated, IIb was down-regulated, and there was no significant difference in the levels of MHC IIa and MHC I between groups. Research has shown that nearly 100% of the white gastrocnemius is made up of fast-twitch muscle and 21%-25% of the red gastrocnemius is made up of slow twitch muscle, which might be another reason for the limited growth in the mass of the whole gastrocnemius in the subjected groups [28] . After all,
androgen combined with resistance exercise would promote muscle growth.
Activity of IGF-I and AR after DHT and/or exercise
The promotion of muscle synthesis by IGF-I has been thoroughly studied and is thought to mainly occur via the mTOR signalling pathway [29] . One study showed that muscle mass was greater in mice with IGF-I overexpression in skeletal muscle compared to control mice [30] . Localized infusion of IGF-I has also been found to induce skeletal muscle hypertrophy in rats [31] . In human skeletal muscle myotubes, testosterone causes an increase in IGF-I mRNA [32] . Lupron, a gonadal steroid suppressor, induced a marked decrease in the concentration of IGF-I mRNA in skeletal muscle and in body protein anabolism in humans [33] . In the current study, it was hypothesized that the rapid physiological function of androgen and exercise might share a similar mechanism, in which IGF-I interacts with AR in skeletal muscle. The results show that both exercise and DHT significantly increased the expression of IGF-I mRNA (~63% and 148%), and this effect was synergistic when DHT was combined with exercise (~259%). During exercise, IGF-I modulates skeletal muscle adaptation to resistance training by stimulating muscle protein synthesis and activating satellite cells to proliferate and differentiate [34, 35] , and this process could be under the regulation of multiple hormones including androgen [36] . Importantly, exerciseinduced changes in IGF-I mRNA expression in skeletal muscle might be related to serum testosterone level [2, 33, [37] [38] [39] . Although some findings have shown decreased or unchanged IGF-I mRNA expression
The anabolic effect of androgen is not limited to genomic results, and androgen signalling represents an important target for research aimed at promoting muscle growth. The non-genomic effect of androgen is a rather rapid and reversible process, different from its classic transcriptional effects. The non-genomic effect could be at least partly established through crosstalk with other signalling molecules such as mTOR and IGF-I. Non-genomic AR signalling has been shown to occur in an ERK-independent manner, via activation of the mTOR pathway during cell proliferation in prostate cancer [55] .
The central link for muscle hypertrophy and activation of the mTOR pathway was reported in testosterone-induced cardiomyocyte growth.
Indeed, protein kinase B (Akt) and mTOR phosphorylation in rat myotubes were significantly increased by testosterone treatment [56] .
In addition, the phosphorylation status of Akt, p70 S6K and ERK1/2 was abolished by PI3K/Akt and mTOR inhibition, but not by ERK1/2 inhibition in cultured rat skeletal muscle myotubes after testosterone treatment [57] . The important role of the mTOR pathway in androgen-induced skeletal muscle hypertrophy is supported by an in vivo study, in which a rapid increase in the phosphorylation of p70 S6K and IGF-I mRNA level was induced by DHT in the androgen-sensitive levator ani muscle of castrated rats [17] . Furthermore, Xu et al. reported that flutamide (an AR antagonist) successfully inhibited DHTinduced p70 S6K phosphorylation [17] . Also, the action of AR may require or influence the mTOR signalling [58] . In a previous study, mTOR and Akt signalling were amplified in myotubes treated with testosterone when the testosterone was withdrawn, indicating that AR may play a role in the feedback mechanism mediated by testosterone [59] . Likewise, Peterziel et al. found that DHT did not induce an increase in activity of PI3 kinase (an upstream molecule) in cells lacking AR [60] . Similarly, Wu et al. demonstrated that testosterone failed to induce hypertrophy in rat myoblast cells lacking AR and that the mTOR inhibitor rapamycin also inhibited hypertrophy [61] . These findings indicate that androgen stimulates muscle hypertrophy through a mechanism that requires AR and involves a signalling cascade, which is dependent on the mTOR pathway; this has also been supported by the work of Basualto-Alarcon et al. [57] . Although muscle force was not determined in the current study, both muscle morphology and MHC content showed that 10 days of DHT treatment via DHT implant induced muscle hypertrophy. Furthermore, the three molecules in the mTOR pathway were significantly phosphorylated after stimulation with androgen or a combination of androgen and exercise. These data further support the notion that the mTOR pathway is an important part of a signalling network that is involved in regulation of the androgen-and exercise-induced remodelling processes of skeletal muscle [62] [63] [64] [65] .
This study has 2 main limitations. First, we did not assess the circulating testosterone and thus lack direct evidence to monitor the exact hormone response induced by exercise and DHT. Second, the discordance between muscle wet mass and increased protein synthesis was due to the limited training period, and a more effective resistance training protocol is required to achieve desirable effects of muscle growth.
CONCLUSIONS
In conclusion, the current study demonstrates that a combination of 
